can be determined over both the linear and non-linear regimes for comparison with numerical simulations. Good progress has also been made in these areas.
Weak Lensing
Caltech has maintained a leading role in the Shear TEsting Program (STEP), an expanding, worldwide collaboration of groups interested in the technical aspects of weak lensing. Various simulated datasets are generated whose weak lensing 'shear' is known a priori. The collaborating groups run independent analysis codes on these datasets in a blind manner and the results are collated and analyzed. A second STEP collaboration meeting was held in Pasadena in August 2007. The STEP collaboration is now focused on examining biases associated with space-based measurements (the so-called Space-STEP project); this work is being led by J. Rhodes (JPL) but with strong Caltech participation. To overcome the biases and limitations of current shear measurement methods, we are continuing to develop the Caltech "shapelets" pipeline, which is now better able to deal with the effects of image pixelation.
Studies of real (as opposed to simulated) datasets at Caltech have moved forward from our demonstration in 2007 of 3D tomography in the HST COSMOS field 1 . Noting the high fidelity of HST data, we have directly compared the imaging performance of a premier ground-based facility, the Subaru 8m telescope, in the same 2 deg 2 area. This study represents the first concerted effort to compare, quantitatively, a ground-and spaced-based dataset for weak lensing (Kasliwal et al). The study complements work done under the STEP program described above because it is based on a comparison of actual, rather than idealized, data. Our shear comparison demonstrates the significant increased surface density of useable background galaxies achieved with a space-based platform and discusses the implications for proposed deep 3D tomography experiments. We also undertook independent searches for cluster halos and cataloged their derived masses.Here the Subaru data is reasonably adequate in comparison with HST.
We also derived tighter constraints on the dark energy equation of state parameter w by combining our 3-D tomography studies in the HST COSMOS data with those of the intergalactic Lyman-alpha forest (Lesgourgues et al.). These two very different experiments were seen to give consisttent results; however, the dark matter is again observed to be more clustered than that indicated from measures of the Cosmic Microwave Background (CMB). This study also led to the online publication of a module for the popular COSMO-MC package (Lewis & Bridle, Phys. Rev. D, 66, 103511, 2002) , to calculate the expected cosmic shear signal for a variety of cosmological models. This has made cosmic shear data accessible to the wider cosmological community, allowing non-experts to include constraints from weak lensing in their analyses.
The merit of counting clusters as a probe of dark energy and other cosmological parameters is under continuing investigation in a survey spanning 22 deg 2 undertaken with Japanese collaborators using the prime focus camera, SuPrime-Cam, on the Subaru 8-m telescope. Weak shear has been measured across this survey and ≃100 massive clusters have been located as peaks in the resulting convergence (projected dark matter) maps. The redshift distribution and relative masses of these halos provides a valuable pilot study of the possibility of constraining cosmological parameters.
In Miyazaki et al., we publish a detailed analysis of 25 clusters located via weak lensing where Xray and galaxy velocity dispersion data are available for calibration purposes. This paper demonstrates convincingly the reliability of selecting clusters via weak lensing. In Green et al. we extend the catalog to a larger sample with less precise ancillary data and use the redshift distribution and cluster counts to 1 A result recently hailed as one of the top 10 science stories of 2007 by Discover Magazine realistically assess the challenges of constraining dark energy from cluster surveys. In the latter work, we see some evidence for a systematic 'dilution' of the highest convergence peaks, which we believe is due to contamination of the source (i.e. background) galaxy population by cluster galaxies. These complex systematics, which present important caveats for future ground and space-based cluster surveys, have only come to light due to the quality of the Subaru imaging data and wide area covered by the survey.
Using weak lensing data from the Canada-France-Hawaii telescope, we have also calibrated cluster masses from X-ray data for systems 4 times less massive than hitherto. The relationship between the observed X-ray temperature and a cluster's total mass remains consistent with model predictions. However again, intriguingly, this study indicates a higher level of clustering than that predicted from the CMB. Additional data from the Subaru survey discussed above will clarify this discrepancy.
Our work on analyzing the impact of point spread function (PSF) uncertainties and charge transfer (in)efficiency (CTE) in Hubble data has become the standard reference in the community. Together with our already popular 'shapelets' method for shear measurement, this means that the Caltech group is widely sought after for collaborative programs in gravitational lensing. We have embraced these opportunities as not only does additional science get done but it also increases knowledge in the broader US community about the opportunities offered by lensing. It also brings additional HST imaging data to our group, data that would not be available to us given the demise of the Advanced Camera for Surveys.
With Gavazzi et al., we have investigated the distribution of mass in the extended wings of early-type galaxies. We find that the inner luminous material and outer dark matter components conspire to produce the overall "isothermal" mass distribution. With Bradac et al. we are analyzing the mass distributions in galaxy clusters that have recently undergone major collisions that may provide vital additional examples like the 'Bullet Cluster' in which the dark matter is viewed distinctly from the baryonic component.
Turning to technical progress, we have also investigated the use of higher order measures of shear, such as the so-called "flexion" signal which represents the non-elliptical nature of an image induced by lensing. The flexion signal is particularly strong near the cores of galaxy clusters and along the line of sight of any substructure: two locations in which the exact distribution of mass is a powerful discriminant between different types of dark matter. Consequently, we have developed a new method to measure the flexion signal (Massey et al.) and successfully detected signals for the first time. Leonard et al. detected the flexion signal in HST images around a massive galaxy cluster. Rowe et al. measured the cosmic flexion signal in the blank HST GEMS field. Work is now being led at at Caltech to analyse the flexion signal in the much larger COSMOS field. An attempt has also been made to use the flexion method to investigate apparent discrepancies between strong and weak lensing signals seen in the 'Bullet Cluster' (Massey & Goldberg) In parallel with this series of papers applying the flexion technique to real datasets, a FLexion Improvement Programme (FLIP) has been set up by Massey, alongside the STEP program. The idea, as with STEP, is to calibrate algorithms for recovering, in a blind manner, the flexion signal. The ability to include a known flexion signal has been incorporated into Caltech's image simulation pipeline, and a first set of simulated images has been distributed to three external groups. Initial results demonstrate the validity of our first detections, and the variations realized will enable us to improve our measurement methods in the coming year.
Work is now beginning to improve our correction algorithms for of charge transfer (in)efficiency (CTE) in astronomical data. CTE proved one of the most troublesome hardware flaws of the HST COSMOS data for lensing analysis, and it worsens with time. The Caltech/JPL group are developing a pixel-by-pixel correction scheme for HST data that will be essential for any lensing analysis if the Advanced Camera for Surveys can be repaired during Servicing Mission 4 in September 2008. We are also investigating the limitation that this will impose on the lifetime performance of the proposed SNAP satellite, and working with the detector/hardware groups to investigate possible mitigation techniques.
Strong Lensing
Lensing also contains valuable information on the distribution of dark matter for comparison with numerical simulations. Here, individual clusters of galaxies act as excellent 'laboratories'. The goal of this work is to use strongly lensed features of known redshift in the cores of clusters to constrain the small scale distribution of dark and baryonic matter, and weak shear to determine the large scale behavior. Theoretically, we expect the dark matter to follow the so-called Navarro-Frenk-White (NFW) profile. Although the literature is full of observational analyses supporting this profile, in most cases the datasets are simply insufficiently precise to provide a robust test.
During the reporting period, we completed a definitive study of the dark matter radial profile over large scales in Abell 1689 based on Canada France Hawaii telescope data (Limousin et al). We are now working on analysis of an unique HST ACS mosaic of the rich cluster MS0451-03 (Smith et al ). This will complement an earlier mosaiced WFPC-2 study made of the cluster Cl0024+16 (Kneib et al, Ap J 598, 804, 2003) . Until recently, these 3 clusters remained the only well-studied examples where the NFW profile could be reliably tested on large scales.
On smaller scales, where non-linear effects and separating baryons and dark matter become important, we have continued to examine strong lensing and stellar dynamical data for two clusters (Abell 383 and MS2137-03, Sand et al.). Here we found convincing evidence that dark matter does not follow the precise form postulated in the latest numerical simulations.
In a significant new development we have now secured exquisite data from Subaru for 10 clusters for which both strong and weak lensing data is now available. This data, just being analyzed by a new graduate student (A. Newman) represents a significant advance over the piecemeal progress done earlier.
For each cluster, Keck and Magellan spectroscopy has defined the strong lensing geometry and the Subaru imaging defines the large scale distribution.
In a parallel effort, we have collaborated with Naranjan et al to explore the effect the dark matter potential in clusters has upon the halos associated with individual galaxies. Across a dynamic range corresponding to cluster-centric radii 0 to 5 Mpc we see a clear signal of the tidal destruction of dark matter halos on infalling field galaxies.
The foreground observational studies represent the frontier in our current understanding in how dark matter is distributed over scales from ≃10 kpc to 5 Mpc.
Distant Supernovae
Supernovae of type Ia (SNe Ia) represent the most well-explored tool for probing dark energy. The primary goal of the work funded via this grant at Caltech in this area is to verify their future use as precision probes of the cosmic expansion history. Given supernovae are events that occur in evolving stellar populations, a key issue is whether there is some form of 'systematic floor' in their calibration and application, arising perhaps from time evolution in their behavior, intrinsic dispersion in their properties or hitherto unknown correlations in their properties with redshift or their host galaxy characteristics.
During the reporting period we reached a milestone in this program by publishing (Ellis et al) the first detailed study of possible evolution in the spectral properties of SNe Ia. In a 4 year survey of over 50 SNe selected mostly within the redshift range 0.4< z <0.6 from the Canada France Hawaii SN Legacy Survey (SNLS), we examined the case for evolution in the mean spectrum with look-back time as well as the dispersion from one event to another. In our study we focused in particular on the rest-frame ultraviolet spectra which, according to contemporary models, act as a valuable proxy for metallicity changes -the most likely evolutionary variable.
Our unique high redshift data demonstrate a remarkably similar mean spectrum at z ≃0.5 to that observed locally, giving considerable reassurance to their use in cosmology over the redshift range 0< z <0.8. In a further development, we have recently compared our spectra with those in much higher redshift SNe Ia spectra secured with the ACS grism (Sullivan et al, in prep) whose mean redshift is z ≃1.3. Reassuringly, there is only marginal evidence for evolution over 0.5< z <1.3.
However, although there is little evidence for a systematic evolution in the SN Ia spectra over the past 10 Gyr, there is a very large dispersion in UV behavior from one event to another. Attempts to correlate these variations with the light curve shape and host galaxy luminosity have had only limited success. Such a large intrinsic dispersion could represent a major hurdle for future missions, particularly those targeting SNe beyond redshift 1, where the UV signal is crucial in determining the cross-color k-correction.
The Keck spectroscopic dataset represents a substantial step forward in supernova research. The individual spectra have higher quality than many local examples, especially in the rest-frame ultraviolet where most of the key diagnostic features occur. Work is now proceeding to archive this data and to collaborate with leading supernova modeling groups to physically understand the trends seen.
Baryonic Oscillations
Finally, we have completed a detailed study of the feasibility of tracing dark energy by measuring, at various redshifts, the scale of baryonic oscillations in the large scale distribution of galaxies. This represents possibly the cleanest method for tracing dark energy although the instrumental and observational requirements may be formidable.
The PI has formed a strong collaborative science team to begin consideration of this issue. Together with Suto (Tokyo), Lahav (UC London) and Peacock (Edinburgh), he organized a further meeting in Edinburgh to evaluate quantitatively the constraints that might emerge from a possible future survey of ≃10 7 redshifts at z ≃1 with a 8-m ground-based telescope.
Work within Caltech Optical Observatories and JPL (not funded by this grant) has completed a conceptual study to define a robotic means for positioning 2500-3000 fibers across a 1.5 deg 2 field to secure the required number of redshifts in ≃200-400 nights of observing time on the Subaru 8 meter telescope.
As a result of this international collaboration, Japanese interest in the Caltech cosmology program has been considerably enhanced and Prof. Suto has succeeded in securing national support for furthering this collaborative effort. Discussions are continuing with the newly-formed Institute for Physics and Mathematics of the Universe at Tokyo University (http://www.ipmu.jp/). 
